In this paper, we develop an economic order quantity inventory model for items with three-parameter Weibull distribution deterioration and ramp-type demand. Shortages are allowed in the inventory system and are completely backlogged. The demand rate is deterministic and varies with time up to a certain point and eventually stabilized and becomes constant. The instantaneous rate of deterioration is an increasing function of time. We provide simple analytical tractable procedures for deriving the model and give numerical examples to illustrate the solution procedure. Our adoption of ramp-type demand reflects a real market demand for newly launched product.
Introduction
Inventory control policy is concerned basically with two decisions ; ''How much to order (produce or purchase) to replenish the inventory of an item'' and ''When to order so as to minimize the total cost'' [1] . Several inventory models have been developed to answer the above questions. The economic-order-quantity model, hereafter EOQ, was originally developed by Ford W. Harris in 1913, but R. H. Wilson a consultant who applied it extensively, is given credit for his in-depth analysis [2] . The basic EOQ model assumes a constant demand rate and an infinite planning horizon, there is no deterioration of inventory and replenishment is instantaneous i.e. the lead time is zero. These assumptions restrict the applicability of the classical EOQ model. In order to make the basic EOQ model more realistic, many researchers have extended Wilson's EOQ model by considering time/price varying demand pattern and deterioration rate. It ispertinent to note that the depletion of any inventory is due mainly to demand and partly to deterioration of the item.
In what follows we give definition of terms central to the paper. In particular, we define deterioration, ramp-type function and Weibull function. Definition 1.1. Deterioration is defined as decay, damage, change or spoilage that prevents items from being used for its original purpose. Some examples of items that deteriorate are fashion goods, foods, mobile phones, chemicals, automobiles, drugs, etc. hðxÞ; x < l hðlÞ; x P l is called a ramp function. In particular, gðxÞ ¼ a½x À ðx À lÞHðx À lÞ where Hðx À lÞ ¼ 0; x < l 1; x P l and a-0; l > 0 is a ramp-type function.
A variety of ramp-type functions have evolved from the above definition.
Inventory models for deteriorating items have been widely studied by researchers. Inventory problem for deteriorating items was first studied by Whitin by considering a three-parameter Weibull distribution deterioration, no shortages and a constant demand. Chakrabarty et al. [11] proposed an EOQ model with three-parameter Weibull distribution deterioration, shortages and linear demand rate and obtained infinite series representation for the initial inventory level and the average total cost equation. Ghosh and Chaudhuri [12] developed an inventory model for two-parameter Weibull deteriorating items, with shortages and quadratic demand rate and gave infinite series representation for the initial inventory level and the total average variable cost equation. Sanni [13] developed an inventory model with three-parameter Weibull deterioration, shortages and quadratic demand rate. He derived explicit equations for the initial inventory level and the average total cost by approximating exponential functions by the first two terms of the Tailor series. An order-level inventory model for deteriorating items with ramp type demand rate was discussed by Mandal and Pal [14] . They considered an EOQ model for items with constant rate of deterioration, ramp-type demand rate and no shortage allowed in the system and obtained an approximate solution for the EOQ. This work was extended by Wu and Ouyang [15] by considering two types of shortages in the model: model that starts with stock and model that starts with shortages and obtained optimal replenishment policy for the different cases. This model was further generalized by Samanta and Bhowmick [16] by taking two parameter Weibull distribution to represent the time to deterioration and allowed shortages in the inventory.They studied two cases; where the inventory starts with shortages and the case where the system starts without shortages and derived the EOQ for the respective systems. For some literature on deteriorating inventory models, see [12, 17, 18] .
In this paper we consider the problem of finding optimal replenishment policy for an inventory system which holds items with three parameter Weibull Distribution deterioration, ramp type demand rate and shortages are allowed and completely backlogged. The research focus of this paper is to develop a mathematical model for the system, provide an optimal replenishment policy for the model and establish the necessary and sufficient conditions for the optimal policy. The Weibull distribution is suitable for items whose rate of deterioration increases with time and the location parameter c, in the threeparameter Weibull distribution, is used here to depict the item shelf-life; an important feature of most deteriorating items. The ramp type demand rate describes the demand of products, such as fashion goods, electronics, automobiles, etc, for which the demand increases as they are launched into the market and after some time the demand stabilizes and becomes constant.
Assumptions and notation
The mathematical model in this work is developed on the basis of the following assumptions and notation. Notation C 1 : inventory holding cost per unit per unit time. C 2 : shortage cost per unit per unit time. C 3 : ordering cost per order. C 4 : unit cost. DðtÞ : demand rate at any time t P 0.
T : cycle length. I o : size of the initial inventory.
